In a previous paper, we reported the first stopped-flow experiments on a Bacillus licheniformis 1,3-1,4-β-glucanase [Abel, Planas and Christensen (2001) Biochem. J. 357, 195-202]. It was shown that the pre-steady-state kinetics of the 1,3-1,4-β-glucanase using the substrate 4-methylumbelliferyl 3-O-β-cellobiosyl-β-D-glucoside may be explained by a reaction scheme involving an induced fit and the binding of two substrates as well as a second enzymic conformational change, whereas the results definitely could not be explained in terms of the simple double-displacement scheme. In the present study, we report further stopped-flow kinetic results on the glucanase using a series of low-molecular-mass substrates with various leaving groups and varying chain length.
INTRODUCTION
Glycosidases catalyse the hydrolysis of glycosidic bonds in oligoand polysaccharides, as well as in their glycoconjugates. A large number of glycosidases (or glycosyl hydrolases; EC 3.2.1) have been identified in nature, and are currently classified in 87 families according to amino-acid-sequence similarities [1, 2] . Members of each family exhibit the same stereochemical outcome in the hydrolytic reaction: inversion or retention of the anomeric configuration. The mechanism of bond cleavage of retaining glycosidases is a double-displacement reaction (as shown in Scheme 1 in [3] , corresponding to the less detailed Scheme 2 [3] ).
A glycosyl-enzyme intermediate is formed (glycosylation step) and hydrolysed (deglycosylation step) through oxo-carbenium ion-like transition states catalysed by two essential active site carboxyl groups that provide general acid/base and nucleophilic catalysis. Many details of the mechanism of action of these enzymes are known (reviewed in [3a-6] ). A few glycosidases such as β-glucosidases [7, 8] , glucoamylases [9] [10] [11] [12] [13] , xylanases [14, 15] and cellulases [16] have been studied using the stoppedflow technique [17] to obtain mechanistic details from the presteady-state. Such studies have revealed conformational changes coupled to substrate binding as well as the existence of two or more active enzyme conformations, proving that more complex kinetic mechanisms differentiate individual enzymes beyond the common basic mechanism.
Bacillus licheniformis 1,3-1,4-β-glucanases (1,3-1,4-β-Dglucan 4-glucanohydrolases or lichenases; EC 3.2.1.73) have been thoroughly studied (reviewed in [18, 19] ). These enzymes are endo-depolymerases (family 16 glycosyl hydrolases), which hydrolyse polysaccharides with mixed β-1,3 and β-1,4 glycosidic bonds, such as cereal β-glucans and lichenins, with a strict cleavage specificity for β-1,4-glycosidic bonds in 3-O-substituted glucopyranosyl units [20, 21] . The binding site in the threedimensional jelly-roll β-sandwich structure [22, 23] is an open cleft composed of six subsites ( − 4 to + 2).
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The steady-state kinetics of the B. licheniformis enzyme with two families of low-molecular-mass chromogenic substrates, (Glcβ4) n Glcβ3Glc-MU (where MU is 4-methylumbelliferyl) [24] and Glcβ4Glcβ3Glc-aryl (where aryl represents nitrosubstituted phenyl aglycones) [25] have been thoroughly investigated. Hydrolysis proceeds with retention of the anomeric configuration [21] , and the glycosylation step leading to the glycosyl-enzyme intermediate is rate-determining at pH 7.2 for all aryl glycoside substrates assayed [5] .
In a previous study, we reported the first stopped-flow experiments on a B. licheniformis 1,3-1,4-β-glucanase [3] . It was shown that the pre-steady-state kinetics of the 1,3-1,4-β-glucanase using the substrate 4-methylumbelliferyl 3-O-β-cellobiosyl-β-D-glucoside, may be explained with two substrate binding steps and an induced fit, as well as one more enzymic conformational change (Scheme 3 in [3] ). The results definitely could not be explained in terms of Scheme 1 in [3] .
To obtain a better understanding of the reaction mechanism, in the present paper, we report the stopped-flow kinetics of wildtype 1,3-1,4-β-glucanase from B. licheniformis using a series of low-molecular-mass substrates with various leaving groups and varying chain length. In the analysis of the data, we have found that the previously proposed scheme (Scheme 3 in [3] ) is too simple to explain the results. We therefore present a new scheme that suggests the binding of a substrate molecule in a regulatory site and the occurrence of conformational changes of both the substrate molecule and its productive enzyme-substrate complex.
EXPERIMENTAL

Enzymes and substrates
1,3-1,4-β-glucanase from B. licheniformis was obtained as described previously in [27] [28] [29] . The 1,3-1,4-β-glucanase was expressed in Escherichia coli TG1 cells, and purified from the supernatant through two chromatographic steps (cationic exchange and gel filtration). Enzyme purities were estimated to be higher than 95 % as determined by SDS/PAGE, according to Laemmli [30] . The protein concentration was determined spectrophotometrically at 280 nm using a molar absorption coefficient of 67 400 M −1 ·cm −1 , calculated on the basis of the number of tyrosine and tryptophan residues [31] .
MU, 3,4-dinitrophenol (3,4-DNP) and 2,4-dinitrophenol (2,4-DNP) were obtained from Fluka, and were re-crystallized from acetic acid. The different substrates ( Figure 1 ) were synthesized as previously reported: [25] .
Stopped-flow kinetics
The pre-steady-state and steady-state rates were measured in a Hi-Tech Scientific PQ/SF-53 stopped-flow instrument equipped with a high-intensity xenon arc lamp, thermostatically controlled syringe holder and reaction cuvette. MU-substrate experiments were performed monitoring the change of fluorescence (arbitrary units expressed in V) due to MU release. The excitation wavelength was 360 nm with a slide width of 5 mm, and the light emitted from the reaction mixture passed a WG455 cut-off emission filter so that an integrated fluorescence-intensity signal was obtained. The conversion of voltage into concentration was as previously described in [3] . For the DNP-substrates, the reactions were followed by measuring the change of absorbance at 400 nm due to the release of each DNP. After rapid mixing (less than 1 ms) the time course of the reactions were recorded taking 400 pairs of data per experiment. A mean was taken for each series of data (n = 4−5) obtained under the same experimental conditions. The resulting traces were then fitted to the appropriate non-linear analytical equations using the Hi-Tech software.
Experiments were performed at 30 • C in 6.5 mM citrate, 87 mM Na 2 HPO 4 buffer, 0.1 mM CaCl 2 , pH 7.2, I 0.15. Enzyme and substrate concentrations are indicated in the legends to the Figures and Tables. The concentration of enzyme was chosen so that measurable signal changes were obtained, and the range of substrate concentrations was around their steady-state K m values. All traces showed an initial lag phase followed by a single exponential pre-steady-state phase followed by a linear steadystate aglycone release. The equation that best fitted to the mean traces, not considering the lag phase was:
where Signal(S, t) is the relative change of signal observed at the actual substrate concentration, S, and time, t, Signal P is the value of the pre-steady-state change of signal obtained from extrapolation of the steady-state rate to zero time, v ss is the initial steady-state rate and k obs is the observed first-order rate constant that describes the pre-steady-state phase. The Signal P is converted to P (molar concentration) as previously described in the experiments with MU-substrates (1, 2, 3 and 4) in which a change of fluorescence is monitored [27] , and to P (molar concentration using molar absorbsorbance coefficients (at pH 7.2) of 6985 M −1 · cm −1 for 2,4-DNP and 7500 M −1 · cm −1 for 3,4-DNP in the experiments with the DNP-substrates (5 and 6) in which a change of absorbance is measured.
The v ss values obtained from the fit of eqn (1) to the stoppedflow curves were fitted to the Michaelis-Menten equation or, The increase of absorbance, due to 3,4-DNP production, is monitored over time.
when appropriate because of apparent substrate inhibition, to the following equation [24] :
Eqn (2) includes the effect of substrate inhibition with inhibition constant K i .
RESULTS AND DISCUSSION
The stopped-flow kinetics of wild-type 1,3-1,4-β-glucanase from B. licheniformis has been investigated using a series of low-molecular-mass substrates with different chain length (compounds 1-4) and leaving groups (compounds 2, 5 and 6) ( Figure 1 ). From thorough investigations of the steady-state kinetics of the B. licheniformis enzyme with two families of lowmolecular-mass chromogenic substrates, (Glcβ4) n Glcβ3Glc-MU [25] and Glcβ4Glcβ3Glc-aryl [3] , it is documented that glycosylation is the rate-determining step of the hydrolysis and that the electron-withdrawing nature of the aglycone determines the rate. Thus the lower the pK, the faster the reaction, e.g. the k cat of 2,4-DNP-substrates are approx. two orders of magnitude larger than the k cat of MU-substrates. The specificity of the enzyme is primarily determined by subsites − 3 and − 2, thus a disaccharide as G3G-MU (1) is a very poor substrate [33] . In agreement with this, the G3G-MU (1) showed no change of signal in the stoppedflow experiments. All other kinetic traces showed the same general behaviour, an initial lag phase followed by fast pre-steady-state aglycone production decreasing in a single exponential manner to a final slower steady-state release. A typical trace is shown in Figure 2 . From fits of eqn (1) to the mean traces, not including the lag phase, series of values of the pre-steady-state parameters k obs and P, and the initial steady-state rates, v ss , were obtained. Results are illustrated in Tables 1 and 2 .
Steady-state kinetics
Steady-state kinetic parameter values obtained from fits of the usual substrate-inhibited Michaelis-Menten type of equation [Eqn (2) ] to the v ss data are shown in Table 3 . As illustrated Figure 3 , the assessment of the individual values of K m , k cat , and K i is difficult. The two curves shown in Figure 3 each represent reasonable fits to the data, but with significantly different parameter values; however, the value of k cat /K m is reliable. The sets of values listed in Table 3 are those of which K m < K i , in agreement with previous steady-state kinetic studies [24] .
Pre-steady-state kinetics
The reactions initially show a lag phase, which lasts approx. 30 ms. Since the length of the lag phase is apparently independent of the substrate nature and concentration, an induced fit involving an E E step, which is slow compared with the formation of the fast product-producing enzyme-substrate complexes, is suggested. If we assume that the apparent length of time of the lag phase in all experiments, ∼ = 0.03 s, is the time at which the initial reaction has run 95-99 % to completion, we can conclude that t = 0.03 s is roughly equal to 5 times the half-time, t 1/2 (corresponding to 97 % reaction), and that the apparent rate constant of the lag phase is of the order of magnitude ∼ = 100 s −1 . As observed previously for the G4G3G-MU substrate (2) [3] , the k obs values ( Tables 1 and 2 ) that govern a change from fast to slow product formation are practically independent of substrate concentration in the K m range, and show a tendency to decrease only at concentrations where the steady state approximation (E 0 5-6 times the substrate concentration) becomes invalid. k obs values are of the same order of magnitude for all substrate species, so the aglycone, as well as the length of the oligomer, is of little importance (n = 2−4). The amount of aglycone released in the pre-steady-state phase is determined by the integral of dP/dt in the time range where the productive enzyme-substrate complex changes from the initial amount after the lag phase, ES 0 , to the final steady-state amount, ES ss . That is:
The integration leads to the amount of product, P, released in the pre-steady-state phase: 
G4G3G-MU 6.5 + − 0. where (k cat ) 0 is k cat before the change occurs. The series of substrates with different leaving groups represents steady-state k cat values differing roughly 100 times, and P is clearly proportional to these (Tables 1 and 2) . Also as expected, P is found to be proportional to the total enzyme concentration (results not shown).
In agreement with previous results [3] , we find that P is not a measure of a burst of product concomitant with the formation of a slowly converting enzyme intermediate, as seen clearly from the results on the G4G3G-2,4-DNP-substrate (6), where P corresponds to a concentration of hydrolysed substrate up to approx. 30 times greater than the total concentration of enzyme, E 0 (Table 1) . If we look at the initial rate of fast production of product, v 0 = (k cat ) 0 · (ES 0 ). From eqn (4):
The substrate concentration dependencies of v 0 values calculated according to eqn (5) [neglecting the substrate inhibition in the steady state, i.e. calculating the rates, v ss , from k cat · E 0 / (1 + K m /S), using the parameter values of 
An observed effect on (k cat /K m ) usually means that enzyme species do not have a substrate bound productively, e.g. an E * with the same conformation of the enzyme as ES * should be taken into consideration. However, this is not the solution here. E and E * would be equilibrated before mixing and equilibration of ES * / ES would happen concomitantly with their formation, so that no pre-steady-state phase would be observed. We therefore suggest a new scheme (Scheme 1) to explain the results.
Scheme 1 includes a rather tight (K 3 K 4 ) non-productive, non-inhibitory enzyme-substrate interaction, SE, that saturates a regulatory site at low substrate concentration. SE is formed and reacts productively with S in the lag phase. The relatively slow conversion of E into E governs the rate of this part of the reaction. The SE and the productive SES complex undergo slow conformational changes corresponding to k obs and form the SE * (non-productive) and the less active (or inactive) SE * S. Since substrate inhibition is observed in the steady state, a third inhibitory substrate binding is also included.
According to Scheme 1, the fast production of the aglycone, corresponding to v 0 after the lag phase and before any SE * or SE * S is formed is:
where k +2 = (k cat ) 0 and E /E = K 0 . When S K 3 and K 4 K 3 , as we assume, eqn (6) becomes:
The corresponding steady state rate, v ss , (not taking the substrate inhibition into consideration) is:
where 
so that:
and 
if we add and subtract k −7 · SES and k −5 · SE, we get:
We have assumed that S K 3 , so that (E + E) SE, so the total concentration of enzyme, E Total , is given by:
then:
If it is further assumed that step 4 is fast compared with steps 5 and 7, we have in the time range after the lag phase:
and:
Combining eqns (12) and (16) leads to:
c 2003 Biochemical Society If the term [k −5 (SE * + SE) + k −7 (SE * S + SES)] is reasonably constant, that is if k −5 ∼ = k −7 , as seen from eqn (13), eqn (17) is a simple first-order differential equation and we obtain:
It may be seen rather easily that, with K 5 ∼ = K 7 (Table 5) , the observed relatively constant value of k obs can be explained. At low substrate concentration, S < K 4 , the major term of k obs is (k + 5 + k −5 )/(1 + S/K 4 ) due to the conversion of SE, leading to k obs ∼ = (k + 5 + k −5 ), and at high substrate concentration S > K 4 , the major term of k obs is (k + 7 + k −7 )/(1 + K 4 /S) due to the conversion of SES, leading to k obs ∼ = (k + 7 + k −7 ). Thus Scheme 1 explains the stopped-flow kinetic results.
The pH-dependence of the β-glucanase catalysed hydrolysis of G4G3G-3,4-DNP was also investigated using the stopped-flow technique. This substrate was chosen because it showed relatively weak substrate inhibition and rates in the most suitable range for analysis. Table 6 shows the results obtained according to Scheme 1 and Figure 4 shows the proton-saturation curve corresponding to the (k cat /K m ) 0 pH dependence. The resulting pK value of the SE-enzyme species (Scheme 1) is 7.2 (K = 60 + − 6.7 nM), in good agreement with the value that may be expected for a glutamic acid residue working as an acid catalyst (Glu 138 [27] ). (K m ) 0 is only slightly affected up to pH 7.8, but becomes too large to be determined at pH 8.25 (Table 6 ). The pH dependence of (k cat /K m ) 0 , the kinetic parameter determined at low substrate concentrations corresponding to free enzyme species, thus differs from that of (K m ) 0 . A shift of the pK value of the glutamic acid residue to a value greater than 8 seems unlikely, so apparently another ionizing group is also affecting the kinetics. The balance between the two conformations, SE and SE * , is rather independent of pH in this range, K 5 does not change significantly, the same seems to be true for SES and SE * S, but, as discussed above (Figure 3) , the estimates of the k cat values are not sufficiently reliable.
We have obtained an important insight into the regulation of β-glucanase action. The enzyme cleaves polysaccharide components of the cell walls of the higher plant family Poaceae. Structurally, they are linear glucans of up to 1200 β-D-glucosylic residues linked through β-1,3 and β-1,4 bonds and the products of the enzymic reaction are mainly G4G3G and G4G4G3G. Scheme 1 suggests the possible switch between several conformations of the enzyme. Activation coupled with substrate binding at a regulatory site (the E , E, SE pathway) leading to the most active species, SES, a mechanism that corresponds to an allosteric activator mechanism of substrate binding, can be an effective regulatory mechanism, particularly of enzymes cleaving polymeric substrates, since the enzyme is kept attached to the substrate after cleavage and further interactions are facilitated. It is more difficult to understand the strong tendency to relaxation into the inactive or less active species, SE * and SE * S. One possibility is that the small oligosaccharide substrates that we have investigated in the present study, which show this negative regulatory effect on the enzyme after the initiation of the reaction, serve as feedback regulatory inhibitors of the hydrolysis and that a polymeric substrate would not immediately show this behaviour. The link between the regulatory and the reactive site of polymeric substrates may help to keep the enzyme in its most active conformation.
CONCLUSION
To explain the pre-steady-state kinetic results on β-glucanase reactions obtained in the present study, we have had to suggest a rather complicated mechanism of substrate binding (Scheme 1). Apparently, the free enzyme exists in two conformations, one of which binds oligomeric substrates, much resembling the natural products of hydrolysis of β-glucans, rather strongly in a regulatory site, before any productive interactions can take place. This corresponds to an allosteric activation mechanism. With these substrates, however, the productive enzyme species are also able to change into less active or inactive forms, which may be seen as a feedback inhibitory mechanism. How the polymeric substrate is using the regulatory possibilities, and if, perhaps, it is able to keep the enzyme in its active form due to the link between the two interacting parts of the substrate, has yet to be investigated.
